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Introduction
Atmospheric nitrogen (N) deposition is a globally important pollutant (Galloway et al. 2008; Bobbink et al. 2010) , which has significant local and regional impacts on ecosystems (Bobbink et al. 2010) . N deposition increases N availability which can have direct impacts on individual plants (Tomassen et al. 2003; van Heerwaarden et al. 2003) and can also impact species interactions across trophic levels (Tylianakis et al. 2008) . Understanding these impacts is crucial because they can result in altered species abundance, plant community composition (Payne et al. 2013 ) and reduced biodiversity (Stevens et al. 2004) . Ombrotrophic (rain fed) bogs are nutrient poor and obtain their entire N budget from deposition, making them particularly sensitive to N deposition (Bobbink et al. 1998; Lovett et al. 2009 ). Carnivorous plants are typical of ombrotrophic bogs (Givnish et al. 1984) which makes them sensitive to changes in nutrient availability, for example through the effects of increased atmospheric N deposition .
Carnivorous plants supplement nutrients obtained through root uptake by capturing, digesting and assimilating the nutrients in animal prey, usually arthropods (Juniper et al. 1989 ).
The uptake of prey nutrients uncouples growth and reproduction from root nutrient availability and enables carnivorous plants to successfully compete with non-carnivorous plants (Karlsson et al. 1996) when N availability is low. The value of the captured prey is dependent on root nutrient availability; responses to prey addition are normally reduced or absent in more nutrient replete plants (Ellison 2006) . Carnivorous plants can also forage for prey, reducing investment in prey capture when the value of that prey is reduced Thorén et al. 2003) . It is therefore predicted that prey-derived nutrients become a less important component of their nutrition as root nutrient availability increases; but there is limited evidence to support this basic assumption. This is important because the ecological and evolutionary advantage of carnivory should be related to the degree to which prey-derived nutrients replace root-derived nutrients.
Furthermore, while carnivorous plant growth is generally limited by N availability (Ellison and Gotelli 2001) , captured prey contains N, P, K, Ca while atmospheric deposition is mostly N.
Experimental approaches have provided significant insight into carnivorous plant nutrition and the effects of atmospheric nitrogen deposition (e.g. see Ellison 2006) . There is, however, a need to investigate carnivorous plant nutrition in situ and with no experimental manipulation, to avoid experimental artefacts. Many studies add prey to traps and measure plant responses (see Ellison, 2006 for a review of these studies); however, that the plant was not catching that number of prey may itself be significant. Similarly root N additions, e.g., Svensson (1995) , are often unrealistic, being less frequent, more regular and at higher concentrations than atmospheric deposition in situ. To our knowledge only one study (Millett et al. 2012b ) has provided any in situ evidence of decreased reliance on prey-derived nutrients when root nutrient availability is increased. The interpretation of this relatively small study is, however, limited due to the potential confounding of temperature and precipitation along the latitudinal N deposition gradient studied. In the present non-manipulative study we investigated D. rotundifolia growing in situ at 16 sites across Europe. We measured tissue N, P and K content and the relative contributions of root vs prey N using a natural abundance stable isotope ratio (δ 15 N) method (Schulze et al. 1991) . We predicted that:
1. Drosera rotundifolia N content would be a product of root N availability (i.e., rates of N deposition) and prey N uptake and will be unaffected by temperature or precipitation;
2. prey N uptake and the contribution of prey N to the N content of D. rotundifolia would decrease with increasing N deposition across the entire range of N deposition; and 3. tissue concentrations of other nutrients would be unchanged by N uptake (root and prey), but nutrient stoichiometry would reflect decreasing N limitation due to increased (root and prey) N uptake.
Materials and methods

Study sites
Where present we collected Drosera rotundifolia plants (n = 10 per hummock), Sphagnum capitula (i.e., c. 10 cm 2 of the top 0.5 cm of the plant) and potential arthropod prey from Sphagnum spp. hummocks (n = 6 -10 hummocks per site, depending on bog area) at 13 ombrotrophic bogs across Europe (details of sampling in SEM1; site details in Fig. A1 and Table   A1 For each site, modelled mean annual N deposition, summer temperature (MST) and precipitation (PP) data for the previous five years up to the sampling date were calculated (see SEM1 for details of data sets). A five-year mean was used to represent the likely time scale of impacts on D. rotundifolia which has an average life span of 6 years (Crowder et al. 1990 ), while balancing the likely larger influence of more recent abiotic conditions.
Data analysis
The relative contributions of root-and prey-derived N to the total N content of the plants were determined by utilising the discrimination of 15 N that occurs between trophic levels (Peterson and Fry 1987; Post 2002 
Results
Drosera rotundifolia plants were present at all sites except for Ringinglow Bog (UK5).
MST and PP were not significant predictors for any of the measured or derived variables (See 2b ) and as a proportion of plant dry mass (Fig. 2c) . The slope of the regression line was statistically significant for the former (Quantile regression: slope = -0.163, P = 0.007) and showed a clear negative trend for the latter (Quantile regression: slope = -2.22, P = 0.057).
However, for the 50th and 25th percentiles there was no significant relationship between N deposition and prey-N content (Quantile regression: %N dfp : 50th -slope = -0.150, P = 0.087; 25th -slope = -0.045, P = 0.462; N dfp : 50th -slope = -1.77, P = 0.320; 25th -slope = 0.371, P = 0.726).
Drosera rotundifolia tissue N concentration was on average 1.09% (range: 0.62-1.42%) and was a product of both N deposition (i.e., root availability) and prey-N uptake ( Fig. 3) , showing a positive relationship with both. Drosera rotundifolia tissue P concentration was on average 0.11% (range: 0.09-0.16%) and did not change significantly with N deposition (Table   A2) (Table   A2 ), which were on average 0.57% (range: 0.48-0.71%). Increasing N deposition was significantly related to increasing D. rotundifolia tissue N:P ratios, which were on average 9.11 (range: 6.06-12.38; Table A2 However, tissue prey-N content did not impact on tissue nutrient stoichiometry.
Discussion
Laboratory studies and in-situ experimental studies of carnivorous plant nutrition have
shown that prey N is less valuable for nutrient replete plants (Ellison 2006) . We provide good evidence that prey N is a less important component of the nutrition of D. rotundifolia when root N availability increases: the contribution of prey N to the N content of Drosera rotundifolia decreases with increasing N deposition. δ 15 N of D. rotundifolia tissue was strongly negatively related to the amount of modelled N deposition received by a bog. This is the trend that would be expected if they were incorporating less (relatively 15 N enriched) prey N into their tissues (Peterson and Fry 1987; Post 2002; Brearley 2011 ). This pattern was not seen with Sphagnum spp. or with a sample of potential prey from each site, suggesting that it is not due to differences in the δ 15 N of precipitation or any other site specific factors. We combined the δ 15 N of D.
rotundifolia, Sphagnum and potential prey in a simple one-isotope, two-source, end-member mixing model to quantify the contribution of prey-and root-derived N to the total N contained in D. rotundifolia. This approach has been used extensively for food-web studies (Schmidt et al. 2007 ), in plants for quantifying N 2 fixation (Shearer and Kohl 1986) and to quantify prey N uptake in carnivorous plants (Brearley 2011) . The limitations of this approach have been discussed previously (Millett et al. 2012a (Millett et al. , 2012b with the general consensus being that this approach provides a good semi-quantitative estimate of the contribution of the two sources. It is also appreciated that the 'root' N uptake component might also comprise deposited N taken up through the leaves.
There were large differences between populations in the amount of N contained in the plants that was derived from prey (varying between 20.1 and 59.5%). This is consistent with values between different carnivorous plant species (19.6-87.1%; Ellison and Gotelli 2001) . It is therefore clear that differences between sites are important for the role of prey nutrients for carnivorous plant nutrition. A large amount of this variability can be attributed to differences in the amount of N deposition received by the bogs. Our data, however, suggest that this is not a simple linear response. The maximum amount of N from prey is determined by N deposition, but the contribution can vary below that maximum, independently of N deposition. This suggests that root N availability (i.e., N deposition) is a major control over prey-N uptake as has been previously suggested (Millett et al. 2003 (Millett et al. , 2012a (Millett et al. , 2012b , but that other factors also have important impacts on prey-N uptake. These factors are particularly important when N deposition is low, becoming less important with increasing N deposition.
In the bogs in our study the scale of differences in the amounts of prey N in D. rotundifolia tissues is large. For sites receiving relatively low inputs of atmospheric N deposition, the concentration of prey-N in D. rotundifolia tissues varied four-fold. We found no evidence that meteorological differences were responsible; precipitation and summer temperature had no impact on any measured variables. We can therefore only speculate on the reasons for differences between populations. These may, for example, be due to differences between sites in: prey availability (Zamora 1995); competition with spiders for prey (Jennings et al. 2010 ); or kleptoparasitism (Thum 1989) . Future work should focus on determining which, if any of these, is the reason for these differences in prey-N uptake.
The physiological mechanisms for N controls over the differences in prey-N uptake were not measured. Increasing N deposition was strongly related to root-N uptake potentially 'diluting' the prey-N in the plant and so altering the contribution of each. The evidence, however, in this study also suggests that the plants were able to reduce prey-N uptake as the total concentration in plant tissues decreased with increasing N deposition (rather than only the amount of prey-N relative to the amount of root-N). Gaining nutrients from prey involves four distinct steps: prey attraction (though this is not necessarily essential), capture, digestion and nutrient uptake (Joel et al. 1985; Adlassnig et al. 2010) . It might be changes in any or a number of these mechanisms that result in the observed differences in prey capture. There is no evidence as yet that D. rotundifolia actually attracts prey (Foot et al. 2014) ; but investment in prey capture (through the production of sticky mucilage) is reduced when root N availability is increased experimentally (Thorén et al. 2003) , which might be the mechanism here. Such a reduction in investment in prey capture has not been demonstrated in-situ for D. rotundifolia but has been shown for Sarracenia purpurea by Ellison and Gotelli (2002) . Changes in other parts of the process should, however, not be discounted; the production of digestive enzymes, for example, also carries a metabolic cost and so the plants might reduce enzyme production, thus reducing rates or efficiency of prey digestion.
We predicted that tissue concentrations of nutrients other than N would be unchanged by N uptake (root and prey), but nutrient stoichiometry would reflect decreasing N limitation due to increased (root and prey) N uptake. Our data confirm that plant tissue N concentrations were dependent on both root N and prey N uptake, but tissue P concentrations were also related to prey N uptake. This suggests that the D. rotundifolia plants were assimilating P from their prey as has been demonstrated previously (Karlsson and Carlsson 1984; Wakefield et al. 2005; Ellison 2006 ). As a result of this P uptake from prey, tissue nutrient stoichiometry was affected by K. These differences in tissue nutrient concentrations and nutrient stoichiometry suggest that prey N uptake is not necessarily comparable to root N uptake because of the additional nutrients gained from prey. As a result, the reduction in prey nutrient uptake in response to atmospheric N deposition might result in nutrient imbalances in the plants.
Our results indicate that, with respect to the key process of prey N uptake, the response to N deposition may differ for plants growing at different bogs. Those which grow on low N deposition bogs and gain a high proportion of their N from prey, might be affected to a greater extent than those (also growing on low N deposition sites) for which prey N represents a relatively small proportion of their N nutrition. For these plants carnivory currently provides less apparent advantage (in terms of additional N), placing them at greater threat because they might lack the flexibility to respond to increased N deposition. So the impact on prey N uptake might be smaller, but the impact on the plant or the population might be larger than at sites where the plants on average obtain more N from prey. Conversely, those which currently gain a large amount of N from prey potentially have more flexibility to direct resources away from prey capture. Interestingly the bog which received the highest level of modelled N deposition (Ringinglow Bog) contained no D. rotundifolia. This is despite reported previous presence (Conway 1947 (Conway , 1949 ) an abundance of appropriate habitat and a long search. The species has a downward trend (BRC and BSBI 2014) . Could it be that D. rotundifolia is unable to persist in these relatively high N conditions? Nitrogen fertilization has been shown to reduce Sphagnum growth (after an initial stimulus of growth; Gunnarsson and Rydin 2000) . This may affect cooccurring low-growing vascular plant species negatively (such as the carnivorous Drosera species) as they rely on Sphagnum for support. However, along a Swedish gradient from nitrogen-poor to nitrogen-rich bog ecosystems (stretching from the north to the south-west 
Conclusions
We conclude that the differences between populations in the nutrition of the D.
rotundifolia plants in our study are driven primarily by N deposition, but that other factors are important at low N deposition levels. Global environmental change impacts on biotic interactions, which might affect the stability of ecosystems (Tylianakis et al. 2008) . Atmospheric nitrogen deposition is a key driver of global environmental change and has been shown to affect biotic interactions such as plant-pollinator, plant-fungal and plant-herbivore interactions (Tylianakis et al. 2008) . We have shown that N deposition reduces the strength of a carnivorous plant-prey interaction, resulting in a reduction in nutrient transfer between trophic levels. The consequence of this on the carnivorous plant and the whole community is not clear, but that there is a significant change is in itself important. Further research is required to explore the impact of these pollution-driven changes on D. rotundifolia biochemistry, interactions with other plants and with the arthropod community (i.e., prey) on the bogs. In particular, further understanding is required of how prey availability varies between bogs and how this variability in prey abundance affects prey capture and plant fitness. In addition, future research should focus on how N deposition affects interactions between carnivorous plants and other plant species and how P uptake from prey affects our interpretation of carnivorous plant ecology and evolution.
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Appendix 1: Details of sample collection procedure, plant tissue analysis, environmental variable data sets and approach to regression analysis.
Sample collection
Where present we collected Drosera rotundifolia plants from Sphagnum spp.
hummocks (n = 6 -10 hummocks per site, depending on bog area) from 13 ombrotrophic bogs across Europe (Fig. S1 , Table S1 ). We selected these bogs to provide a wide geographic range (latitude: 47.2° -68.3° N, longitude: 5.7° W -19.6° E) and a wide range of N deposition levels (0.05 -2.70 g m -2 year -1 ). Samples were collected in July and August over a two-year period because the amount of work involved meant that this was the only way to collect samples at similar times of the year.
Drosera rotundifolia plants (n = 10 per hummock) were carefully removed from each hummock and the previous years' growth was separated and discarded. A sample (three separate samples of c. 10 cm 2 ) of the capitula (i.e., the top 0.5 cm of the plant) of the dominant Sphagnum species was collected with scissors. A sample of potential prey was collected by placing sticky yellow fly traps on the hummock for at least 24 hours and then carefully removing the captured potential prey (i.e., <3 mm length) with tweezers. All samples were kept cold and transported back to a laboratory before being dried for 72 hours at 70 ºC; this was done within 5 days of collection. Drosera rotundifolia plants were weighed, and then all plant samples were milled to a fine powder with a ball mill (Retsch MM200). Insect samples were ground by hand to a fine powder in a small mortar.
Stable isotope analysis
either at UC Davis Stable Isotope Facility using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK) or at OEA Labs, UK, using a CE Instruments EA 1110 elemental analyser coupled to a differentially pumped Europa Scientific 2020 stable isotope ratio mass spectrometer. Results are given using the δ notation expressed in units of per mil (‰) where δ 15 N = [(R sample /R reference ) -1] × 1000, and R = 15 N/ 14 N. Data are reported with respect to the primary international reference AIR (i.e., = 0‰), and the measurements were calibrated at UC Davis using USGS-41 glutamic acid and internal standards: nylon, bovine liver, peach leaves and glutamic acid, and at OEA Labs using IAEA N1, IAEA N2 and an internal bovine liver standard. Precision for both laboratories was 0.2‰.
Analysis of tissue Phosphorous (P) and Potassium (K)
Plant tissue P and K were measured by AGVISE Laboratories (Northwood, ND, USA) using standard ICP spectrometry methods.
Environmental variables data sets
Annual atmospheric N deposition modelled using a higher resolution national model for the UK (Smith et al. 2000 , NEGTAP 2001 ) and for non-UK sites using the lower resolution European Monitoring and Evaluation Program (EMEP)-based Integrated Deposition Model (IDEM) (Pieterse et al. 2007) . Meteorological data (mean summer (June-August) temperature -MST and mean annual precipitation -PP) for the previous five years for each site (with a 0.25 degree latitude-longitude resolution) were calculated using an interpolated data set from E-OBS (Haylock et al. 2008 ) accessed through the KNMI climate explorer (KNMI 2013).
Regression analysis approach
The the independent variables. This was to avoid over-parameterization due to the lower number of sites for these data (i.e., n = 11).
Quantile regression
Initial data exploration using scatter plots for %N dfp and N dfp plotted against N deposition indicated substantial heterogeneity and a lack of normality in error distributions.
Variance decreased systematically with increasing N deposition. These characteristics of the data indicated that quantile regression would be a more appropriate analysis (Cade and Noon 2003) as quantile regression is robust to heterogeneous variance. In addition, quantile regression enables the analysis of the upper or lower limits of a distribution rather than just the mean or median. Table A1 . Characteristics of study bogs with modelled atmospheric N deposition (for the five years prior to sampling), mean summer temperature (MST) and mean annual precipitation (PP). The location of the bogs is shown in Fig. S1 . *N deposition levels were obtained from modelled data from EMEP (www.emep.int) and for the UK from APIS (www.apis.ac.uk). † Mean Summer Temperature (MST) and Mean Annual Precipitation (PP) from E-OBS interpolated meteorological dataset (Haylock et al. 2008 ) accessed through the KNMI Climate Explorer (http://climexp.knmi.nl/). Data are for the five year period prior to sampling. Table 1. 
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